Calomys is one of the most polytypic and widely distributed genera of the Neotropical rodent fauna. The taxonomic hierarchy for the large-and middle-sized morphotypes from the southern central Andes (SCA; C. boliviae, C. callosus, C. fecundus, and C. venustus) has fluctuated repeatedly from synonyms or subspecies to valid species. As a first approach to the taxonomic resolution of the taxa complex of this genus inhabiting the SCA, we applied an integrative quantitative assessment of currently recognized species' cranial discrimination through the analysis of geometric morphometrics. The morphometric analyses revealed the presence of 3 distinct species of Calomys in northwestern and central Argentina. We corroborated the presence of a large amount of intraspecific variation with substantial overlap for the 3 species in the morphospace. The assessment indicates that 24% of skull size variation is due to differences among species. Calomys boliviae (including C. fecundus) was the largest among the studied species, whereas the differences were subtle between C. venustus and C. callosus. The relative contribution of interspecific differences to the total skull shape variation was lower than that of size and different among the cranial views-dorsal, ventral, and lateral-analyzed (between 8% and 16%). Moreover, static allometric size changes had a major effect on skull shape differences between species. So, including ecoregions and size-free shape, variables improved significantly the amount of interspecific differentiation. We highlight the usefulness of morphometric assessments to clarify and contribute to the taxonomy of Neotropical mice.
as indeterminate species (e.g., Anderson 1997; Salazar-Bravo et al. 2001 ) and the report of new karyotypic variants (Espinosa et al. 1997; Lima and Kasahara 2001) make clear that a thorough review of alpha taxonomy of the genus is necessary.
The taxonomy and nomenclature of the SCA small-sized species (body length less than 150 mm), C. laucha, C. lepidus, and C. musculinus, is relatively well resolved and its validity is not a matter of frequent discussion (although see González-Ittig et al. 2014 , for a recent discussion of several populations of C. laucha). The case for the nominal forms of medium-and large-sized species (body length larger than 150 mm; C. boliviae, C. callosus, C. fecundus, and C. venustus) is different. The taxonomic status of these species has changed repeatedly from synonyms or subspecies to valid species (Musser and Carleton 1993; Salazar-Bravo et al. 2002; . Calomys boliviae was considered by Musser and Carleton (1993) to be a valid species, including fecundus as a synonym, while both species were considered to be synonyms of venustus by Olds (1988) and Anderson (1997) . Based on molecular characters and chromosomal data, Salazar-Bravo et al. (2002) and considered C. fecundus to be a valid species, even Salazar-Bravo et al. (2001) included this species in Argentina, which had been previously reported only in Bolivia. Later, boliviae was suggested as a possible senior synonym of fecundus Díaz et al. 2006; Díaz and Barquez 2007) . Otherwise, C. venustus and C. callosus were considered as distinct species by Olds (1988) and Anderson (1997) . In particular, Olds (1988) discriminated both species on body size and considered boliviae to be a synonym of venustus. However, venustus was considered a synonym of callosus by Musser and Carleton (1993) and Díaz and Barquez (2002) . Finally, molecular studies support the differentiation of these last 2 species, and suggest that callosus is not present in Argentina (Salazar-Bravo et al. 2001; . Data on molecular differentiation are consistent with chromosomal evidence and indicate shallow differentiation between the SCA Calomys species: C. boliviae and C. venustus have 2n = 54 and 2n = 56, respectively , while C. callosus has 2n = 50 (Pearson and Patton 1976; Bonvicino et al. 2010) . All species have autosomal fundamental numbers of 66 (Bonvicino et al. 2010) .
Regardless of the specific epithets used, in SCA 2 general forms can be distinguished: 1 large sized and another medium sized. Nevertheless, even the boundaries between these morphotypes are diffuse and difficult to resolve: the specific determination may be hampered by individual variations in size, mainly due to ontogenetic growth (Araripe 2000; Hingst-Zaher et al. 2000; Cordeiro-Estrela et al. 2008 ) that can lead to erroneous identification in juveniles or young adult specimens. Both size, which is certainly an important variable, and qualitative morphological differences are not enough to achieve good rates of species discrimination.
Taxonomic assessments are important in order to quantify biodiversity, and morphological, genetic, and cytogenetic evidence is essential to better identify species. Taxonomic clarification is especially important when the species of concern are implicated in zoonotic and epidemiologic problems, as is the case with species of Calomys. For example, recent reports indicate that C. boliviae (= C. fecundus) may be a reservoir of Laguna Negra virus, an etiologic agent of Hantavirus Pulmonary Syndrome in northwestern Argentina (Pini et al. 2012) .
Because the mammalian skull contains important diagnostic characters, in this work we use geometric morphometrics to provide a quantitative assessment of cranial shape in Calomys. We evaluate intraspecific and interspecific variation in largeand middle-sized Calomys as a 1st step in the taxonomic revision of the Calomys species present in SCA. Previous studies (Cordeiro-Estrela et al. 2006 Martínez and di Cola 2011) have demonstrated the usefulness of geometric morphometric methods as tools to identify species with similar morphologies. These methods enable size to be partitioned from shape (Bookstein 1991) , which makes it possible to assess patterns of skull size and shape differentiation between large-and medium-sized species of Calomys inhabiting the SCA.
In this study, we use a geometric morphometric approach to test if there are 2 or 3 different forms of Calomys in SCA: 1 large-sized form assignable to C. boliviae (= C. fecundus) and 1 or 2 medium-sized forms, attributable to C. callosus or C. venustus. Also, we analyze patterns of intraspecific variation in the sympatrically distributed species (C. callosus and C. boliviae). Because species identification can be difficult as a result of variation in size, static allometric trajectories between species are also analyzed. Burkart et al. (1999) and Olson et al. (2001) .
Materials and Methods
We assessed morphometric variation in 187 adult and subadult specimens (with the molars fully erupted and variable tooth wear) belonging to the 3 analyzed species. Skulls were obtained from the systematic collections of the Universidad Nacional de Tucumán (Colección Mamíferos Lillo, CML, San Miguel de Tucumán, Tucumán, Argentina), the Universidad Nacional de Río Cuarto (Colección UNRC, CUNRC, Río Cuarto, Córdoba, Argentina), and the Museo Nacional de Historia Natural (Colección Boliviana de Fauna, CBF, La Paz, Bolivia). Examined specimens are listed in the Appendix I. The collection localities of the specimens whose skulls we studied cover a large part of the natural distribution of these species in northwestern Argentina (Fig. 1) .
We photographed dorsal, lateral, and ventral views in order to analyze size and shape variation using a geometric approach. Photographs were made using a Sony DSC-H5 digital camera mounted on a copy stand at a fixed distance from the specimens and with a fixed focal length using ambient light. Millimeter graph paper was used as a background in each picture, to provide a scale for size. Specimen sequence was randomized during photography and during landmark digitization. Landmarks were used only on the left side of each structure to minimize the influence of asymmetry on landmark configurations.
The landmarks were chosen based on positional homology and ease of identification (Fig. 2) . In total, 12, 15, and 18 landmarks were used on the dorsal, lateral, and ventral views of the skull, respectively. Of the 187 specimens, 158 were sufficiently intact so that all 3 views could be used (C. boliviae N = 10, C. callosus N = 91, and C. venustus N = 57; see Supporting Information S1 for details). Landmark digitization was performed in program TPSDig2 (Rohlf 2005) . Landmark definitions are provided in Table 1 .
Landmark configurations were scaled to unit centroid size and superimposed using the least-square generalized Procrustes method (Rohlf and Slice 1990). Skull size was estimated using centroid size: the square root of the sum of squared distances of each landmark to the center of the configuration (Bookstein 1991) . Sexual dimorphism in size and shape was evaluated using Analyses of Variance (ANOVAs) and Discriminant Function Analysis, respectively. Statistical shape differences between sexes were estimated using the T 2 statistic in conjunction with 10,000 permutations.
Skull size differences across species were assessed using box plots of centroid size for each skull view independently, and from a single proxy of skull size obtained by summing the centroid sizes of separate views for each individual. We used ANOVA and an a posteriori Tukey honest significant difference test to assess differences in species means. Intraspecific differences were analyzed relative to ecoregions that are depicted in Fig. 1 . The variance associated with species and ecoregions was estimated using linear models. Significance of regression parameters was assessed using a permutation test with 10,000 replicates.
In order to reduce the dimensionality of the shape variable data set, we used Principal Components Analyses (PCA) for each cranial view. The number of principal components to be analyzed was selected by measuring the correlation between the matrix of Procrustes shape distances in the full shape space and pairwise Euclidean distances in the reduced shape space (Cardini et al. 2007 ). The correlations were carried out using the first 3 principal components, then the first 5, and increasing so on by 5. As we obtained highly significant correlations using the first 10 principal components (that accounted for 82-89% of variance), we performed subsequent analysis using the first 10 principal components. The variance accounted for by species and ecogeographic differences was estimated by linear models.
The PCs of the covariance matrix of superimposition residuals were used as new shape variables, thus reducing the dimensionality of the data set and providing orthogonal variables. A pooled PCA using previous PC scores (i.e., the first 10 PCs for each view) from the 3 separate views (dorsal, ventral, and lateral) (Fernandes et al. 2009 ) was carried out to explore interspecific shape differences. A Canonical Variate Analysis (CVA) was performed using the first 5 principal components of the combined PCA (60% of variation) in order to consider the main axis of variation explained by the 3 cranial views.
Rates of correct classification were estimated by comparing Table 1. the a priori assignments with those based on the CVA. Each specimen was assigned to a given species based on the minimum Mahalanobis distance to the group mean. Group assignments were cross-validated by a jackknife resampling routine. Procrustes distances between species and associated P values based on 10,000 permutations were estimated using program MorphoJ (Klingenberg 2011) . The same analyses were carried out for each cranial view independently.
Allometric effects on shape variation were examined in each species by multivariate regression of Procrustes shape variables on log centroid size using 10,000 permutations against the null hypothesis of independence between size and shape. The amount of allometric shape variation was quantified as a percentage of the total shape variation. Because vectors such as PCs, regression vectors, etc., correspond to directions in shape tangent space, a straightforward method to compare such vectors is to compute the angle between them (Cheverud 1982; Klingenberg and Marugán-Lobón 2013) . This was inferred using the arccosine of the inner product of the 2 vector elements under comparison. Within MorphoJ (Klingenberg and Marugán-Lobón 2013) , vector angles were tested against the null hypothesis that within the shape tangent space, the vectors would have random directions.
results
Results of the ANOVA indicated significant sexual size dimorphism in 2 of the 3 species: C. callosus and C. venustus ( Table 2 ). In both cases, males tended to be larger than females. Sexual differences in skull shape were significant only in C. venustus, in which the lateral and ventral views of skull indicated sexual dimorphism ( Table 2) . Results of the ANOVA revealed significant differences (F 2,155 = 25.82, P < 0.01) in skull size across the species of Calomys studied. Species differences accounted for 24% (P < 0.01) of the total skull size variation. We found significant differences between the larger C. venustus and the smaller C. callosus (P < 0.01). Calomys boliviae presented the largest skull among the 3 species (P < 0.01 for the comparison with C. callosus and P < 0.01 for the comparison with C. venustus) (Fig. 3) . Differences among ecoregions accounted for less than 10% of the variation in the total centroid size. On the other hand, species and ecoregions, considered jointly, did not improve the percentage of variance explained (Table 3) . We did not find evidence for ecogeographic differences at the intraspecific level in C. boliviae and C. callosus. In the latter species, individuals from the Dry Chaco tended to have a larger skull (Fig. 3 ) (Supporting Information S2). When each cranial view was considered independently, species differences accounted for almost 30% (P < 0.01) of the total skull size variation in the 3 species. However, this percentage was lower for the centroid size of the ventral cranial view (17.90%, P < 0.01) ( Table 3) . Ecoregions accounted for almost 16% of total size variation in dorsal and lateral views, but ventral centroid size was not significant. Although significant, the percentages of variation explained did not improve when species differentiation and ecoregions were considered jointly (Table 3) . The PCA of the combined matrix of shape variables from the 3 cranial views is shown in Fig. 4 . The first principal component (28.24% of total variation) separated C. venustus from C. boliviae. The second principal component (13.90% of total variation) showed differentiation among the specimens of C. callosus and C. venustus.
Overall, the CVA (Fig. 5 ) correctly classified species 81% of the time (Table 4 ). Interspecific differences accounted for 7.93% of total shape variation in dorsal view, while this percentage reached 16.4% for the lateral view. Species differences for the ventral view accounted for 12.5% (Table 3) . We obtained better discrimination between species using the lateral and ventral views (Supporting Information S3). Procrustes mean shape distances suggested significant differences between species. Calomys boliviae and C. callosus were most similar with respect to dorsal and lateral views of the skull (0.0145, P = 0.019 and 0.0251, P < 0.01, respectively); while C. callosus and C. venustus were the most similar based on the ventral view (0.0174, P < 0.01). Ecoregions accounted for percentages of shape variation similar to those of the interspecific differences (Table 3) . Moreover, when both sources of variation Fig. 3 .-Box-and-whisker plot showing the A) interspecific and B) intraspecific differences and ranges of variation in the sum of centroid sizes of the 3 cranial views. The boxes delimit the 25th and 75th quartiles, the horizontal bar indicates the median, and the whiskers extend to the most extreme data points. Letters indicate statistical differences at P < 0.05.
(interspecific and ecogeographical differences) were taken into account, the percentages of variance explained improved significantly (Table 3) . Multivariate regression of shape on log centroid size revealed that shape changes were significantly related with changes in size for C. callosus and C. venustus (Fig. 6) . Allometry in C. callosus explained 7%, 15%, and 14% of the total shape variation in dorsal, lateral, and ventral landmark configurations, respectively. The percentage of allometry in C. venustus was always greater than 20% in the 3 cranial views (Table 5) . In general, with increasing skull size, the braincase became more slender and the rostrum (e.g., nasals) became more elongated (Fig. 6 ). The variance accounted by interspecific and ecogeographical differences improved when size-free shape variables were considered, especially for the dorsal and lateral cranial views (Table 3) . Correlations between regression vectors among species were highly significant for the lateral and ventral cranial views; C. callosus and C. venustus had similar allometric trajectories (Table 5 ), whereas C. boliviae had an allometric trajectory different than those of the other 2 species.
discussion
In an effort to clarify the taxonomic richness of medium-and large-sized Calomys species in the SCA, we performed an integrated morphometric analysis. Our results suggest the presence of 3 morphologically and morphometrically distinct species of Calomys: 2 medium-sized and 1 large species. The morphological similarity of medium-and large-bodied Calomys species is remarkable (Almeida et al. 2007 ). The identification and taxonomy of Calomys species inhabiting northern and central Argentina, specially the forms called boliviae, callosus, callidus, fecundus, and venustus, is difficult. In our study, we assess C. boliviae, C. callosus, and C. venustus, and we consider C. fecundus as a synonym of C. boliviae Díaz et al. 2006; Díaz and Barquez 2007) . We did not study C. callidus because the distribution area of this species does not reach the SCA territory.
We have been able to corroborate the presence of C. boliviae and C. callosus as widely distributed species in the SCA and also confirm the presence of a third species, C. venustus, in central Argentina. Salazar-Bravo et al. (2001) showed that, according to molecular evidence, these are 3 different and welldefined species.
Body size is important in discriminating between species (e.g., Cardini and Elton 2008; Cordeiro-Estrela et al. 2008; Elton et al. 2010; Martínez and di Cola 2011) . Our geometric morphometric assessment indicates that 24% of total variation in skull centroid size is due to species differences. C. boliviae is the largest among the species studied, followed by C. venustus. Size differences were subtle but statistically significant between C. venustus and C. callosus. Our PCA revealed that cranial depth and orbital length may be useful characters to discriminate between species. However, it is important to note that use of size to discriminate among species is dependent on whether the differences are a result of isometry or allometry (Cordeiro-Estrela et al. 2006 .
Skull shape is also important in species discrimination for Calomys (Cordeiro-Estrela et al. 2006 . The relative contribution of interspecific differences to the total shape variation was lower than that of size and different among the cranial views analyzed. In lateral and ventral views, they accounted for more than 10%, while for the dorsal view the percentage was lower. Values improved when we controlled for allometry, indicating that size has an effect on shape differences for these species. Cordeiro-Estrela et al. (2006) reported negligible effects of size on allometric shape differentiation in 2 Brazilian species of Calomys (C. expulsus and C. tener). However, they attributed their small allometric effects on the absence of landmarks in the rostrum of the studied specimens. The authors based their conclusion on a study of laboratory-bred specimens that found divergent allometric patterns in the rostrum between the 2 species during ontogeny (Araripe 2000) . We included landmarks on the rostrum and found significant allometric effects, and were able to discriminate among species as did Cordeiro-Estrela et al. (2008) for 3 species of Calomys from central Argentina (2 small-and 1 middle-sized species). Shape changes in the skull, attributable to increased body size, involve a reduction in the breadth of the skull, with a reduction in cranial depth and an elongation of the rostrum. Similar allometric patterns were found in 2 small-sized species, C. musculinus and C. laucha (Cordeiro-Estrela et al. 2008 ). Similar developmental mechanisms may lead to convergences in both morphology and modularity. For example, C. callosus and C. venustus share a similar static allometric trajectory that suggests similar patterns of skull integration. As noted by Cheverud (1996) and Wagner and Altenberg (1996) , different external selective pressures might be another source of dissimilarity in integration patterns across species. In other words, selection may mold gene networks underlying groups of functionally related traits to yield genetically integrated modules that respond to selection as a single unit. Integration patterns do not constrain morphological evolution over long time scales. Moreover, integration patterns influence a species' response to shifting selection pressures over ecological time scales (Sanger et al. 2012) .
Our distributional data indicate that C. boliviae and C. callosus are sympatric species. Actually, both species have been recorded in 7 localities in the provinces of Jujuy, Salta, and Tucumán (see Appendix I). Moreover, phylogenetically close species with similar ecological requirements tend to differ morphologically as a result of character displacement, presumably to minimize effects of interspecific competition (Brown and Wilson 1956) . In this sense, these 2 species differ in skull size variation, but the skull shape differentiation was subtle. Astonishingly, differences in the skull size between these 2 species were more pronounced in the Yungas ecoregion, whereas the interspecific differences were subtle and not significant in the Dry Chaco ecoregion. Skull shape differences between species when considering ecoregions tend to be subtle and there is not a clear pattern of character displacement. According to some authors (Klingenberg and Leamy 2001; Workman et al. 2002) , size is a more labile variable than shape to ecological and environmental factors, whereas shape is more resilient to changes in the environment (Breuker et al. 2008; Debat et al. 2009; Martínez et al. 2014) . It is possible then, that C. boliviae and C. callosus may be avoiding competition through character displacement via size, a hypothesis that deserves further research.
Our results support the hypothesis that C. venustus in central Argentina is a distinct lineage from C. callosus. Musser and Carleton (1993) considered C. venustus to be a synonym of C. callosus, but Olds (1988) and Anderson (1997) treated C. callosus and C. venustus as distinct species. Olds (1988) considered C. boliviae to be synonym of C. venustus, implying that C. venustus is larger than C. callosus. The validity of C. venustus is supported by morphological, cytogenetic, and molecular evidence (Gardenal et al. 1977; Olds 1988; SalazarBravo et al. 2001) . Salazar-Bravo et al. (2002) suggested that this species is limited to the Espinal ecoregion.
However, C. venustus occurs in the Espinal and southern Chacoan habitats in central Argentina (Cordoba, San Luis, and Santiago del Estero provinces-Salazar-Bravo 2015) and is documented in the provinces of Jujuy, Salta, and Tucumán by some authors (e.g., Díaz and Barquez 2007). Our Argentinean records correspond to the Espinal ecoregion and are located in the province of Córdoba. Until now, morphological characters in these Calomys species were insufficient to distinguish between them (SalazarBravo 2015). In fact, it is not always possible to ascertain in the published literature which species was actually studied, as the medium-and large-sized species of Calomys from southern Bolivia and northern Argentina share many morphological characters, and because they are often sympatric.
Distributional analyses based only on published occurrence localities may be problematic. For example, Salazar-Bravo (2015) noted that in his distributional assessment for C. venustus, he only included individuals identified on the basis of chromosomal and molecular and/or biochemical data. This suggests not only that the species' taxonomic limits of mediumand large-sized Calomys from southern Bolivia and northern Argentina are not well known but also the geographic limits of these species are poorly defined (Salazar-Bravo 2015) .
Our work provides some taxonomic resolution for 3 species of Calomys using cranial morphometrics. We corroborate the presence of a large amount of intraspecific variation and a substantial overlap for species in morphospace. Although statistically, discrimination between close species can be achieved using multivariate shape and size data, diagnostic features useful for field biologists are elusive (Tabatabaei Yazdi and Adriaens 2013). Multiple lines of evidence (i.e., molecular, cytogenetic, and morphological) are needed to achieve supported species boundaries and provide a better resolution of species relationships and to clarify taxonomic issues.
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